Although it is widely known that trimethylamine N-oxide (TMAO), an osmolyte used by nature, stabilizes the folded state of proteins, the underlying mechanism of action is not entirely understood. To gain further insight into this important biological phenomenon, we use the C≡N stretching vibration of an unnatural amino acid, p-cyano-phenylalanine, to directly probe how TMAO affects the hydration and conformational dynamics of a model peptide and a small protein. By assessing how the lineshape and spectral diffusion properties of this vibration change with cosolvent conditions, we are able to show that TMAO achieves its protein-stabilizing ability through the combination of (at least) two mechanisms: (i) It decreases the hydrogen bonding ability of water and hence the stability of the unfolded state, and (ii) it acts as a molecular crowder, as suggested by a recent computational study, that can increase the stability of the folded state via the excluded volume effect.
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infrared | crowding | 2D IR | linear response function N ature employs a variety of small organic molecules to cope with osmotic stress. Trimethylamine N-oxide (TMAO) is one such naturally occurring osmolyte that protects intracellular components against disruptive stress conditions (1). In particular, previous studies have shown that TMAO is able to enhance protein stability and to counteract the denaturing effect of urea (2, 3) . TMAO ( Fig. 1 , Inset) adopts a skewed tetrahedral structure with a charged oxygen capable of accepting hydrogen bonds (H bonds) and three hydrophobic (methyl) groups. This amphiphilic structural arrangement makes TMAO a rather special cosolvent, because it can form H bonds with water, self-associate in a manner similar to surfactants, and show preferential interactions with or exclusion (4) (5) (6) (7) (8) (9) (10) (11) (12) from certain protein functional groups (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Indeed, these molecular properties of TMAO have been used, either individually or in combination, to rationalize its biological activities. For example, a prevailing view about TMAO is that its osmotic and protective role is caused by the molecule's tendency to be preferentially depleted from protein surfaces, as suggested by physicochemical measurements (24) (25) (26) (27) (28) . This thermodynamic picture, as described by Bolen and coworkers (29) , implies that the protein is preferentially hydrated. Although this notion is consistent with TMAO's being a protecting osmolyte, to the best of our knowledge no experimental studies have been carried out to directly examine the effect of TMAO on protein hydration dynamics, an aspect that is also important to protein function. Herein, we use twodimensional infrared (2D IR) spectroscopy and a site-specific IR probe to explore this critical issue and gain insight toward achieving a microscopic understanding of the molecular mechanism of the protecting action of TMAO.
2D IR spectroscopy is capable of assessing the frequencyfrequency correlation function (FFCF) of a given IR probe, which reports on the underlying dynamics of events that lead to fluctuations of its vibrational frequency (30) . For an IR probe that is able to interact with water via H bonding, measurement of its FFCF can provide, sometimes in a site-specific manner, detailed information about the hydration dynamics of the protein molecule of interest. For example, this approach has been used to identify the existence of mobile water molecules inside Aβ40 amyloid fibrils (31, 32) and to interrogate the water-assisted drug-binding mechanism of HIV-1 reverse transcriptase (33) , among many other applications (34) (35) (36) (37) (38) (39) . In the current study, we capitalize on the established sensitivity of the nitrile stretching vibration (C≡N) to local hydration and electrostatic environment (40) and use the unnatural amino acid p-cyano-phenyalanine (Phe CN ) as a local IR reporter. The advantages of using the C≡N stretching vibration of Phe CN are that (i) it is located in a spectrally uncongested region (2,000−2,400 cm
), where water has a relatively low absorbance; (ii) it has a reasonably large extinction coefficient; and (iii) it is, in most cases, a simple transition that is decoupled from other vibrational modes of the molecule (41) .
Recently, we have shown that upon addition of TMAO, the C≡N stretching vibration of Phe CN in a short peptide shifts to a lower frequency compared with that obtained in pure water (42) . As shown (Fig. 1) , the peptide studied in the current case, Gly-Phe CN -Gly (hereafter referred to as GF CN G), exhibits the same trend. Taken together, these results suggest that TMAO weakens the strength of the H bond formed between the nitrile group and water molecules. Whereas this finding is consistent with the ability of TMAO to increase protein stability, a microscopic picture regarding how TMAO alters protein-water interactions has yet to be established. To provide new insights into the molecular mechanism of the protecting action of TMAO, herein we measure the FFCF of the nitrile probe in two model systems, the tripeptide GF CN G and the villin headpiece subdomain (HP35) with Phe CN mutations under different cosolvent conditions. In particular, we are able to extract both the homogeneous and the inhomogeneous contributions to the total lineshape of the C≡N stretching band and, perhaps more importantly, to provide
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1403224111/-/DCSupplemental. a dynamic view, from the perspective of the Phe CN sidechain, of how a given solution condition (i.e., in the presence of TMAO, urea, or both) affects the hydration dynamics of the peptide in question (43) . Our results suggest that TMAO molecules produce a local protein environment that strengthens backbone-backbone H bonds and also reduces the conformational entropy of the system. In other words, TMAO increases protein stability by acting as a nano-crowder, as proposed by Thirumalai, Straub and coworkers based on computer simulations (44) .
Results
Consistent with our previous study, TMAO affects the C≡N stretching band of GF CN G by shifting its peak to a lower frequency and broadening its width (42) . Although these changes in lineshape indicate a change in the local electrostatic and H-bonding environment of the C≡N probe, and thus contain information about the molecular effect of TMAO, a quantitative assessment of the factors underlying these changes, based on linear IR measurements alone, is not feasible. Thus, herein we combine data from linear and nonlinear IR measurements and use response function theory to fully characterize the lineshape of the C≡N stretching vibrations obtained under different solvent conditions. This analysis allows us to dissect the homogeneous and inhomogeneous contributions to the linear IR spectrum of interest, which provides insights into the mechanism of action of TMAO.
2D IR Photon Echo Spectra of GF CN G. As indicated (Fig. 2) , the absorptive 2D IR spectra of the nitrile group of GF CN G, collected at different waiting times (T) and solution conditions, clearly show that the 2D lineshapes and the spectral diffusion dynamics of the C≡N stretching vibration depend on the cosolvent. For example, at T = 500 fs, the 2D IR lineshape of this vibration in water becomes more circular than that in 6 M TMAO, suggesting that adding TMAO significantly changes contributions from the homogenous part, as well as the inhomogenous part, to the total lineshape of the vibrational transition. To provide a more quantitative assessment of how a particular cosolvent affects the microscopic environment of the nitrile probe and hence its vibrational transition, below we examine how the key spectral and dynamic properties of this vibrator change with solution condition.
First, we compare the vibrational lifetimes (T 1 ) of the nitrile probe obtained under different solution conditions. As shown (Table 1 ), the T 1 of the C≡N stretching vibration, consistent with previous studies (45, 46) , is insensitive to solvent and, thus, is not a good reporter of its local environment. This finding is consistent with the study of Cho and coworkers (47) , which showed that the vibrational relaxation of a nitrile moiety attached to a large molecule in water is dominated by intramolecular pathways. In addition, the measured T 1 value (∼4 ps) indicates that in this case the lifetime-broadening contribution (∼1.3 cm ) is small. Second, we compare the effects of cosolvent on the spectral diffusion of this probe, using the center line slope (CLS) method developed by Fayer and coworkers (48) . A center line is defined as the line that connects the maxima of the peaks of a series of cuts through a particular 2D IR spectrum that are parallel to the ω τ frequency axis. It has been shown that, within the short time approximation, the waiting-time (i.e., T) dependence of the CLS directly reports on the normalized FFCF of the vibrational probe in question (48) . As indicated (Fig. 3) , the CLS (T) of the nitrile probe, obtained under all solution conditions, can be described by the following equation:
where A, B, and τ are constants. The exponential term in Eq. 1 is often referred to as the Kubo term, which, in the current case, Table 1 . The structures of urea and TMAO are shown as insets. most likely reports on the dynamics of H-bond formation and breaking between the nitrile group and water, which cause the vibrational frequencies to fluctuate (49-51). As shown (Table 2) , the decay time constant of this Kubo term determined for GF CN G in water is about 2.2 ps, which is in good agreement with previously reported values for the nitrile stretching vibration in aqueous solutions (30, 37, 46, 52) . In addition, the offset term B obtained in water is practically zero. However, adding a cosolvent, either TMAO or urea, results in a measurable decrease in τ and an appreciable increase in B and, interestingly, TMAO is more effective than urea at increasing this offset. Fayer and coworkers (48) have shown, assuming that the system follows Bloch dynamics, that this offset term is related to the total inhomogeneous component of the lineshape. Thus, these results suggest that TMAO can effectively slow down or even suppress some motions that lead to local environmental changes of the nitrile probe and, hence, its spectral diffusion.
To provide a more quantitative assessment of the cosolvent-induced changes in the spectral and dynamic properties of the nitrile stretching vibration, we calculate the homogeneous and inhomogeneous contributions to the total lineshape, by analyzing the linear IR spectrum using the linear response function (30) . Specifically, we fit the IR spectrum, S IR (ω), to the following function (49):
where T 1 is the vibrational lifetime, ω 0 is the center frequency, and g(t) is the vibrational lineshape function, defined as
where C(t) represents the full FFCF of the IR probe and is described by the following equation (53):
where the first term represents the motional narrowing component determined by the pure dephasing time (T 2 *), the second term represents a static or slowly varying component, and the third term is the aforementioned Kubo term. As shown (Fig. 1) , all of the linear IR spectra can be reasonably well described by Eq. 2 and the resultant fitting parameters (i.e., T 2 *, Δ s , and Δ) are listed in Table 1 . In particular, the parameters obtained for water are in good agreement with those previously reported for this probe (37) . With the knowledge of T 2 *, we further calculated the pure dephasing linewidth (Γ) for each case using the relationship of Γ = 1/πT 2 *. In the current case, we have neglected the contribution from T rot , which represents the rotational relaxation time of the probe (54) and is expected to be much longer than T 1 or T 2 *. As indicated (Table 1) , the spectral parameters produced from the above analysis clearly show that the pure dephasing linewidth (Γ) of the C≡N stretching vibration decreases in the following order: ) decreases upon adding cosolvents to the system, which, consistent with the above CLS analysis, indicates that cosolvents weaken the H bonding between the C≡N probe and water molecules.
As shown in Table 1 , the most striking differences for the C≡N stretching vibration under different solution conditions are in the values of the static term ðΔ Fig. 1 to Eqs. 2-4. Fig. 3 . CLS versus T plots of GF CN G obtained under different solvent conditions, as indicated. The solid lines are fits of these data to Eq. 1 with those fitting parameters listed in Table 2 . for large molecules such as proteins, is generally attributed to motions that can affect the local electrostatic environment of the IR probe but occur on a timescale that is much slower than the vibrational lifetime or the effective time window of the experiment, such as backbone conformational changes (55) (56) (57) . Interestingly, in the current case, the static component obtained in water is nearly zero, indicating that during the time window of the experiment the nitrile probe can exhaustively sample, statistically speaking, all possible environments. This is consistent with the notion that the spectral diffusion of the nitrile probe in pure water is dominated by water H-bonding dynamics, which occur on the timescale of 1−3 ps (58). Furthermore, and perhaps more interestingly, adding TMAO to the peptide solution leads to a significant increase in the static component, which indicates that TMAO not only broadens the frequency distribution of the C≡N stretching vibration (Fig. 1 ), but also "freezes" a certain number of motions leading to vibrational frequency fluctuations.
As shown in Table 1 , although urea exhibits a similar effect, the net influence, in comparison with that of TMAO at the same concentration, is much smaller. Garcia and coworkers (59) have shown that the osmotic pressure of TMAO exhibits a positive deviation from its ideal value, whereas that of urea shows a negative deviation. Thus, a more rigorous comparison between the effects of TMAO and urea would require measurements on TMAO and urea samples that have identical osmotic pressures.
Linear IR and 2D IR Spectra of HP35 Mutants. To confirm that the conclusions reached above are not limited to short peptides, we also performed similar experiments on two Phe CN mutants of a well-studied helical protein, HP35 (60, 61) . The first variant corresponds to a Phe76/Phe CN mutation at the C terminus of the protein (referred to as HP35-P76), wherein the Phe CN residue is exposed to solvent. Because several studies have suggested that protecting osmolytes, such as TMAO, could directly interact with aromatic sidechains (14) , the second mutant we chose to study contains a Phe58/Phe CN mutation at the core of the protein (referred to as HP35-P58). Because the Phe CN residue in HP35-P58 is, to a large extent, buried in a hydrophobic environment (37, 53, 61) , it is unlikely that TMAO will show any direct interactions with the nitrile probe. Thus, results obtained from both mutants will allow us to gain a more complete assessment of the effect of TMAO on protein stability. Unfortunately, we found that HP35 readily aggregates even in 1 M TMAO, which prevented us from making a direct evaluation of the effect of TMAO on the C≡N stretching vibration of both HP35 variants. To circumvent this problem, we evaluated the effect of TMAO in the presence of urea, which is known to help solubilize the protein. Specifically, we used a solution condition that was used in the study of GF CN G [i.e., TMAO/urea (3 M/3 M)]. As indicated, both the linear and 2D IR spectra of HP35-P76 (Figs. S1 and S2 and Table S1 ) show that the cosolvent-induced changes in the spectral and dynamic properties of the C≡N stretching vibration of HP35-P76 are very similar to those observed for the GF CN G peptide under the same solution conditions. For example, the 2D lineshape, at T = 500 fs, obtained in pure water is distinctly more circular than that measured in the presence of cosolvent. A more quantitative analysis using the method discussed above reveals that the cosolventinduced spectral property changes in this case are similar to those obtained with GF CN G ( Table 3 ), indicating that the findings for GF CN G, in terms of the effect of TMAO, are not unique to short peptides, but rather are generally applicable to proteins. Similar to that observed for HP35-P76, addition of the same cosolvent mixture results in a shift of the C≡N stretching frequency of HP35-P58 to lower wavenumbers ( Fig. S3 and Table S2 ). However, the CLS of HP35-P58 obtained from its 2D IR spectra (Fig. S4 ) in water shows a slower decay and also a significant offset (Fig. 4 and Table 3 ). This is consistent with the study of Fayer and coworkers (37, 53, 61) , which showed that the frequency fluctuation dynamics of the C≡N probe inside the hydrophobic core of HP35 are slowed down. However, addition of TMAO/urea (3 M/3 M) leads to a further increase in the amplitude of this offset (Fig. 4) , indicating that the nitrile probe samples a more slowly varying or rigid environment (53) . Because, in this case, the Phe CN residue is unlikely to directly interact with cosolvent molecules, this increase in protein rigidity thus most likely arises from the TMAO-induced crowding effect, as discussed above.
Discussion
The current view on how TMAO and urea affect protein stability has been recently reviewed by Canchi and García (62) . Owing to various quantitative thermodynamic measurements, such as vapor pressure osmometry (63-65), volumetric measurements (66), and equilibrium dialysis (67), we now know a great deal about why urea and TMAO act differently. Urea's protein denaturation effect is generally believed to arise from the molecule's tendency to accumulate around both the protein backbone and sidechains, owing, for example, to a stronger dispersion interaction between urea and the protein backbone (68) , which preferentially stabilizes Table 3 . The relatively large uncertainties in the CLS data and the apparent asymmetric 2D lineshape in the spectra (Figs. S2 and S4) are due to distortions from background noise, because the absorbance of the nitrile group in these experiments was relatively low (∼2 mOD).
the unfolded state. However, TMAO molecules are found to be excluded from various protein backbone and sidechain units, thus destabilizing the unfolded state (59) . Moreover, many studies have shown that both TMAO and urea can alter the structure and dynamics of the H-bonding network of water, thus resulting in a change in protein stability (69) . Although previous studies have significantly enhanced our understanding of the mechanisms by which TMAO/urea increase/decrease protein stability, especially from a thermodynamic point of view, many important microscopic details have yet to be revealed or verified by experiments. Herein, we use linear and nonlinear IR measurements to directly probe, from a sidechain's perspective, how TMAO and urea affect the H-bonding dynamics of water at the protein-solvent interface. Two key findings that emerged from the current study are worthy of further discussion. First, the spectral diffusion data of the C≡N stretching vibration clearly show that addition of either urea or TMAO makes the local H-bonding environment fluctuate faster (i.e., the smaller time constant of the Kubo term in Table 2 ). This picture is consistent with our early observation that TMAO and urea can weaken the H-bond strength between the nitrile probe and water molecules (42) . It is obvious that a weakened H-bonding interaction will result in a shallower potential energy surface along the H-bond coordinate, thus making the diffusion dynamics along this coordinate faster (at the same temperature). In addition, weakening the H-bonding interactions will lead to a smaller vibrational energy splitting, which, in turn, would lead to a smaller contribution to the total FFCF amplitude by the corresponding H-bonding dynamics, as observed (A in Table 2 and Δ 2 in Table 1 ). Furthermore, we can rule out the possibility that the observed changes in the H-bonding dynamics arise from an increase in viscosity (e.g., 6 M urea increases the solution viscosity by only 40%), because Kubarych and coworkers have recently shown that increasing bulk viscosity slows down spectral diffusion (70) . Because water always competes, whenever possible, with a protein's intrinsic H-bonding donors/acceptors to form additional H bonds with, for example, the backbone amides, the decreased strength of H bonds involving water would preferentially destabilize the unfolded state of proteins, where more amide units are exposed to the solvent. Thus, this is an important finding because it provides, to the best of our knowledge, the first experimental evidence indicating that TMAO can enhance protein stability by attenuating the strength of H bonds formed between protein polar groups and water. Interestingly, our IR measurements suggest, although to a lesser degree in comparison with TMAO, that urea can also weaken the H-bonding ability of water with proteins (42) . At first glance, this finding seems to be inconsistent with the denaturing role of urea. However, upon consideration of the fact that urea, unlike TMAO, shows preferential accumulation in the vicinity of protein backbones and sidechains (14) , this result provides strong evidence in support of the notion that urea's ability to denature proteins does not arise from its effect on the structure of water, but is instead achieved through a more direct mechanism. This conclusion is in agreement with that reached by Pielak and coworkers (71) , who showed that there is no correlation between a solute's impact on water structure and its effect on protein stability.
The second major finding is that the static component ðΔ 2 s Þ in the FFCF, which is absent (or insignificant) in pure water, increases significantly upon addition of TMAO. This static component, together with the aforementioned Kubo term, determines the inhomogeneous broadening of the C≡N stretching vibration. Thus, the fact that TMAO increases the amplitude of Δ 2 s provides strong evidence indicating that it either slows down the peptide's conformational motions, creates new and slowly moving conformational states that are not populated in pure water, or both. This picture is entirely consistent with the NMR study of Loria and coworker (72) , which showed that TMAO can significantly rigidify the protein backbone, and with the simulations of Thirumalai and coworkers (44) , which demonstrated that TMAO can act as a nano-crowder, thus increasing protein stability via the excluded volume effect. Despite this consistency, we note that a study by Qu and Bolen (73) indicated that the efficacy of the macromolecular crowding in forcing proteins to fold may be modest and may also depend on the crowding agents. Thus, it would be very useful if new experiments can be designed to directly quantify the crowding efficacy of TMAO.
Taken together, the effect of TMAO on the Kubo and static terms of the FFCF of the nitrile probe provides insights into the mechanism of action of TMAO in increasing the stability of proteins. Primarily, our results indicate that the protein stabilizing ability of TMAO arises from both enthalpic and entropic contributions. The enthalpic factor results from a decreased H-bonding ability of water, whereas the entropic factor stems from the crowding effect of TMAO; both act to destabilize the unfolded state ensemble. Because the tripeptide used in the current study is relatively small, it is possible to use molecular dynamics simulations (68, 74, 75) , in conjunction with vibrational frequency calculations (76) , to directly calculate the FFCFs of the nitrile probe under different cosolvent conditions and to provide further molecular insights. We hope that the current study will inspire new computational efforts in this regard.
Materials and Methods
The details of sample preparation are given in SI Text. The linear FTIR spectra are collected at a resolution of 1 cm −1 on a Magna-IR spectrometer. The details of the 2D IR measurements are also given in SI Text.
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